1. Introduction {#sec1}
===============

Cystic Echinococcosis (CE) caused by *Echinococcus granulosus* sensu lato represents the most important cestode zoonosis in southern Europe due to heavy economic consequences in the public health sector and in livestock industry ([@bib41]). In Italy, CE is widespread in farm animals with local and regional differences. CE has a sporadic diffusion in northern area with a low prevalence (\<1%) in ruminants ([@bib25]). In central Italy, prevalences of CE were reported in sheep 22.0--47.0% ([@bib16]), in cattle 7.3--15.3% and very low value in pigs 0.8% ([@bib17]). In southern Italy, endemic and hyperendemic areas of CE occur with high prevalence rates in ruminants: 33.3--75.0% in sheep, 10.4% in cattle and 10.5% in buffaloes ([@bib51]; [@bib5]; [@bib40]; [@bib8]; [@bib38]). Lowest prevalence of infection occurs in horses (\<1%) ([@bib48]). CE was also reported in pigs with the prevalence ranging from 9.4 to 11.1% ([@bib18]; [@bib46]).

To date, the Italian scenario shows several species and genotypes circulating in different domestic hosts. In the past, *E. granulosus* sensu stricto (s.s.) genotypes G1, G2 and G3 were frequently reported in sheep, cattle and buffalo ([@bib4]; [@bib39]; [@bib10]; [@bib22]). However, a recent study has now shown that genotype G2 to be a microvariant of G3 ([@bib22]). Additionally, in continental Italy genotype G4 *(E. equinus*) has been described in horses ([@bib48]), G5 (*E. ortleppi*) in cattle ([@bib6]), while G7 (the name of the species for G6/G7 is under dispute, see [@bib23]) was found in pigs of Sardinia island ([@bib46]; [@bib24]).

However, the role of wild animals in the transmission of CE is not completely elucidated ([@bib41]). In the last decade wild boar (*Sus scrofa*) numbers have increased in several European countries, including Italy ([@bib28]) and it has been hypothesized that these ungulates could play an important role in the dissemination of several diseases to livestock and humans ([@bib29]; [@bib14]). The role of wild boar as intermediate host of *E. granulosus* s.l. was reported in Spain ([@bib26]), Italy ([@bib12]) and France (Corsica) ([@bib45]). The data in Italy on the sylvatic cycle by epidemiological investigations on the diffusion of CE are scarce and only two studies have reported *E. granulosus* s.s. genotypes G1 and G3 in wild boars from non-endemic areas ([@bib12]; [@bib35]).

The present study aimed to determine the prevalence and diffusion of CE in wild boars and the fertility of cysts, as well as to characterize the genetic variants of *E. granulosus* s.l. circulating in endemic areas from southern Italy.

2. Materials and methods {#sec2}
========================

A total of 2108 wild boars hunted in 138 Boar Hunting Areas (BHAs), with a surface of 123,417 ha, from four different provinces (Avellino, Benevento, Caserta and Salerno) of the Campania region, southern Italy (41.488772° N, 15.558892° E) were examined during the hunting seasons in 2016 and 2017.

The sample size was calculated according to [@bib43] for a theoretically "infinite" population considering the following epidemiological data: expected prevalence of 3.7% for CE in wild boars based on the results of a similar study performed in Sardinian island ([@bib49]); confidence interval (99%) and desired absolute precision (1%).

Fifty-one veterinarians specialized in meat inspection were involved in examining the wild boar carcasses in the field within the regional project named "Piano Emergenza Cinghiali in Campania - PECC 2016--2019". A detailed form was filled for each wild boar, including hunting area, gender, and age. The boar\'s age was estimated by the examination of the teeth according to [@bib27]. Organs of wild boars were transported and carefully examined within 24 h at the Department of Veterinary Medicine and Animal Productions (University of Naples, Italy) for the presence of hydatid cysts by visual inspection, palpation, and serial cuts of the organs. Parasitized organs were examined to determine the number, location, morphotype and viability of the cysts. Cysts were classified morphologically as fertile, sterile, caseous and calcified.

Fertility was assessed at optical microscope (Leica DM 750 HD) observing vitality and motility of protoscoleces, as well as flame cell movements without staining according to [@bib47]. Massive infection was defined when more than ten cysts were found in a single animal.

Each cyst was dissected and the germinal layer and the cystic liquid of the hydatid was collected and stored at -- 20 °C to the subsequent molecular analysis performed by the Department of Veterinary Medicine (University of Sassari, Italy). DNA was extracted using NucleoSpin Tissue (Macherey-Nagel GmbH & Co. KG, Düren, North Rhine-Westphalia, Germany). *Echinococcus* strains/genotypes were identified by polymerase chain reaction (PCR) and DNA sequencing.

The first screening of cysts was performed using a PCR/seminested PCR method ([@bib13]) with four different PCR reactions in order to discriminate between the G1/G3 genotype cluster from genotypes G5 and G6/7. The sequencing of the mitochondrial genes ND4, ATP6, ND2 and COI as described by [@bib32] was performed on the same samples.

First, primers F:COI (5′-TTGAATTTGCCACGTTTGAATGC-3′) and R:COI (5′-GAACCTAACGACATAACATAATGA 3′) were used for the amplification of a fragment of approximately 800 bp corresponding to the partial COI gene, whereas primers F:ND4 (5′-TGGAGTTAGATGGTAAGCGTTGAT-3′) and R:ND2 (5- CAGGAAACTTCATAACAACACTTA-3′) were used to amplify a fragment of approximately 1600 bp corresponding to the ATP6 gene and its flanking region (ND4 and ND2). PCR products were purified using a Nucleospin Gel and PCR Clean Up (Macherey-Nagel GmbH & Co. KG, Düren, North Rhine-Westphalia, Germany) and sent to an external sequencing service (Eurofins Genomics, Germany). Obtained sequences were compared with that on the NCBI database using BLAST (<http://www.ncbi.nlm.nih.gov/BLAST/>). Statistical analysis was performed using Epi Info v3.5.3. Chi-squared test was used to assess the differences between infections in lungs and livers, and among age and gender infection rates. Odds ratios (OR) were calculated to assess the likelihood of an effect of age and gender on infection rate. A value of P \< 0.05 was considered significant.

Distribution of drive hunting areas was obtained with ArcGIS (version 10.3, ESRI, Redlands, CA, USA) and associated with administrative boundaries of Provinces, Regional Parks and National Parks.

For each area the positivity rate was calculated (positive/examined) and subdivided into seven classes with percentages ranging from 0 to 100.

3. Results {#sec3}
==========

An overall CE prevalence of 4.4% (93/2108; CI 95% 3.5--5.3) was found out of a total of 2108 wild boars examined. CE prevalence in the 2016 hunting season was 4.6% (46/997) and 4.2% (47/1111) in 2017 (χ2 = 0.28; P = 0.5983).

A total of 123 hydatids were found. Abundance (number of hydatids/animal sampled) was 0.06 while the average intensity (number of hydatids/positive animal) was 1.3 (range 1--13). Cystic echinococcosis was detected in 0.05% (1/2108) of the spleens, in 0.1% (3/2108) of the lungs, in 4.2% (89/2108) of the livers examined (χ2 = 165.26; P \< 0.0001; DF = 2). Of the total hydatids found, 0.8% were in the spleens (1/123), 3.3% in the lungs (4/123) and 95.9% in the liver (118/123; χ2 = 325.54; P \< 0.0001; DF = 2).

Hydatid cysts were 56.9% fertile (70/123) and 43.1% sterile (53/123) (χ2 = 4.699; P = 0.030), whereas no caseous/calcified cysts were found. In particular, a fertility of 75.0% was found in the lungs (3/4) and 56.8% in the liver (67/118) (χ2 = 0.04; P = 0.468 Yates corrected), whereas the only hydatid found in the spleen was sterile.

Fertile cysts were found in 19.4% of infected boars (18/93). Fertility rate (calculate as wild boars harbouring fertile hydatids/examined wild boars) was of 0.9% (CI 95% 0.5--1.3).

A single animal (1.1% of infected boars) from Sala Consilina municipality (Salerno province) presented a massive infection with 13 hydatid cysts ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}). An unusual splenic location was found in a wild boar from Vallo della Lucania municipality (Salerno province) ([Fig. 4](#fig4){ref-type="fig"}). No mixed infection (liver, lungs and spleen) was found in examined animals. Details on number, location, typology and viability of recovered hydatid cysts are shown in [Table 1](#tbl1){ref-type="table"} (see [Fig. 3](#fig3){ref-type="fig"}).Fig. 1Liver with massive CE infection by *Echinococcus granulosussensu stricto*.Fig. 1Fig. 2Invaginated protoscoleces isolated from a fertile hydatid cyst.Fig. 2Fig. 3Pseudo multilocular hydatid cyst, by *Echinococcus granulosussensu stricto*, l spleen localization.Fig. 3Fig. 4Distribution of the 93 positive wild boars in the study area and details of prevalence, provinces, regional and national parks.Fig. 4Table 1Number, location, typology and viability of hydatid cysts recovered from different organs of 2108 examined wild boars.Table 1OrgansPositive animalsN° hydatid cystsTypology of hydatid cystsViability of hydatid cystsUnilocularPseudo multilocularFertileSterile/Acephalocyst**Liver**89/2108 (4.2%)118104146751**Lungs**3/2108 (0.1%)44031**Spleen**1/2108 (0.05)10101**Overall93/2108 (4.4%)123108157053**

We found that 2.1% (45/2108) of males and 2.3% (48/2108) of females were infected. No significant statistical differences between the genders were found (χ2 = 0.09; P = 0.753). Older boars appeared more likely to be infected with CE than younger animals, the rate of infection in wild boars was age dependent (χ2 for trend = 27.89; P \< 0.0001). Data about the prevalence according to age of wild boars are reported in [Table 2](#tbl2){ref-type="table"}.Table 2Prevalence rates for CE according to age of 2108 examined boars.Table 2Age classesExamined boarsPrevalence %Odds Ratio**Piglet (\<1yo**[a](#tbl2fna){ref-type="table-fn"}**)**2420.81.00**Sub-adult (1**--**2 yo**[a](#tbl2fna){ref-type="table-fn"}**)**6701.82.18**Adult (\>2 yo**[a](#tbl2fna){ref-type="table-fn"}**)**11966.68.48[^1]

Prevalence of infection from the four provinces showed different scenarios, ranging from 0.6% in Caserta Province (CE) to 8.3% in Avellino Province (AV). The difference was statistically significant (χ2 = 21.24; P = 0.00009; DF = 3) and detailed data are reported in [Table 3](#tbl3){ref-type="table"}.Table 3Prevalence rates for CE according to provinces of origin of 2108 boars and Hunting season (2016--2017).Table 3ProvinceYearExamined boarsPrevalence %Statistical comparison between yearsOdds Ratio**Caserta**2016590.0X2 = 0.0920171080.9P = 0.758[a](#tbl3fna){ref-type="table-fn"}**Overall1670.6**1.00**Benevento**20161663.0x2 = 1.3220172200.9P = 0.251[a](#tbl3fna){ref-type="table-fn"}**Overall3861.8**3.07**Salerno**20167325.3x2 = 0.4320175954.5P = 0.510**Overall13275.0**8.69**Avellino**2016405.0x2 = 0.2820171889.0P = 0.599[a](#tbl3fna){ref-type="table-fn"}**Overall2288.3**15.9[^2]

The distribution of the 93 positive animals in the study area and the details of prevalences, provinces, regional and national parks is reported in Figure 5.

The positive areas (BHAs) 49/138 (35.5%) showed an irregular distribution with the exception of two zones in the central-eastern part of the region and to the north of the Cilento National Park. These two areas represent 14% and 25% of the total positive samples, respectively.

The initial screening with PCR/seminested PCR according to [@bib13] carried out in 29 wild boars showed that 6 and 11 wild boars were infected with *E. granulosus* s.s. and *E. granulosus* genotypes G6/7, respectively, while 12 samples did not yield a PCR product. The Dinkel protocol did not allow to distinguish among G1 and G3 nor between G6 and G7.

The combined PCR (COI and ATP6 and its flanking region, ND2 and ND4) and DNA sequencing approach revealed the presence of *E. granulosus* s.s. and genotype G7 in wild boars from the Campania region. Out of a total of 29 boars examined, 6 (20.7%) were *E. granulosus* s.s. (GenBank accession no.: ND2, COI) and 19 (65.5%) were G7 (GenBank accession no.: ND2, COI) (χ2 = 10.12; P = 0.0014, Yates Correction). Four samples did not yield a PCR product. Out of a total of 19 boars positive to G7, 15 (78.9%) showed fertile hydatids. The method described by [@bib32] did not allow confident distinction between genotypes G1 and G3. Details on genotypes found are reported in [Table 4](#tbl4){ref-type="table"}.Table 4Genotypes and species of *E. granulosus* s.l. found in 29 individual cyst from wild boars from southern Italy, according to a first PCR-screening method followed by sequencing of PCR-amplified mtDNA corresponding to ATP6 and flanking regions (ND4 e ND2) and cytochrome c oxidase (COI) genes.Table 4ID SampleOrganCysts statusDinkel PCRCOIATP6 and flanking region1LiverFertileG6/7G7G72LiverFertileFAILEDFAILEDFAILED3LiverFertileG6/7G7G74LiverSterileFAILEDFAILEDFAILED5LiverFertileG6/7G7G76LiverFertileG6/7G7G77LiverFertileG6/7G7G78LiverFertileG6/7G7G79LiverFertileG6/7G7FAILED10LiverSterileFAILEDFAILEDFAILED11LiverFertileG6/7G7G712LiverFertileG6/7G7G713LiverFertileG6/7G7G714LiverSterile*E. granulosus s.s*.FAILEDFAILED15LiverFertileG6/7G7FAILED16LiverFertileG6/7G7FAILED17LiverFertileG6/7G7G718LiverSterileFAILEDFAILEDFAILED19LungsFertile*E. granulosus s.sE. granulosus s.s*FAILED20LungsFertile*E. granulosus s.s*.*E. granulosus s.s*.FAILED21LungsFertile*E. granulosus s.s*.*E. granulosus s.s*.*E. granulosus s.s*22LiverSterileG6/7G7G723LiverSterileG6/7G7G724SpleenSterile*E. granulosus s.s*.FAILEDFAILED25LiverFertileG6/7G7G726LiverFertileG6/7G7G727LiverFertileG6/7G7G728LiverFertileG6/7G7G729LiverFertile*E. granulosus s.s*.*E. granulosus s.s*.*E. granulosus s.s*.

4. Discussion {#sec4}
=============

The present survey reported genotype G7 in continental Italy, which occurs sympatrically with *E. granulosus* s.s. in wild boars of southern Italy.

To date, few studies have investigated the occurrence of CE in wild boar populations from different European countries; [@bib33] reported the presence of G1 and G7 with an overall prevalence of 12.3% from Romania (out of a total of 267 animals), whereas [@bib45] reported the presence of G6/G7 from France (Corsica) with a prevalence of 4% on 101 wild boars. G7 has recently been found in wild boars in continental Italy also by Laurimäe et al. (unpublished). Here we demonstrate with a much larger sample size the occurrence of G7 in wild boar in Italy. Out of a total of 29 wild boars genetically analyzed, most of the animals (n = 19; 65.5%) were infected with G7. This finding is in accordance with surveys performed in other European countries, such as Ukraine ([@bib21]) and Spain ([@bib31]), where isolates from wild boars corresponded principally to genotype G7.

In Italy, [@bib49] reported a prevalence of 3.7% for genotype G1 of 461 wild boars analysed from Sardinia. In central Italy, [@bib11] revealed a prevalence of 6% among 101 analysed wild boars from Abruzzo and Lazio regions, whereas recently [@bib12] reported for the first time the genotype G3 in wild boar in Europe. In a recent epidemiological survey, [@bib35] showed a prevalence of 1.0% (8/765) for G1 with a fertility rate of 0.3% from central Italy. In the present study we reported an overall prevalence of 4.4% and a fertility rate of 0.9%, three times higher than that found in central Italy by [@bib35]. Regarding cyst locations, of the total hydatids examined, 0.8% were found in the spleen (1/123), 3.3% in the lungs (4/123) and 95.9% in the liver (118/123) in contrast with previous studies showing lung localization in wild boars more frequently and a tropism of G7 for pulmonary parenchyma ([@bib31]; [@bib47]; [@bib35]). In our study, a single wild boar presented a massive infection with 13 hydatids. Such cases of heavy wild boar infestations have been reported also in Spain ([@bib26]). Our results suggest that older animals appear more likely parasitized than younger, the age-dependent increment in infection rates has been reported in several studies as a phenomenon probably due to recurrent infections in the same environment ([@bib40]; [@bib34]).

In the last few decades, because of reintroductions and improved management ([@bib1]), the numbers of wild ungulates have increased all over Europe and have been the main determinants of range expansion and population growth of the wolf ([@bib7]; [@bib15]; [@bib20]). It is well recognised that abundance of wild boars in the diet of wolves should lead to decreased predation on livestock ([@bib30]) and that, in similar ecological conditions, even wolf--dog hybrids have the same food preferences as wolves, with the tendency to feed mainly on wild ungulates ([@bib2]).

Recently, from the Apennine regions of northern Italy, *E. granulosus* s.s. G1 and G3 were identified in wolf populations (*Canis lupus italicus*) with a prevalence of 5.6% ([@bib19]) and 5.5% ([@bib37]) respectively, emphasizing the importance of wild species as possible indicators for CE environmental spreading.

In this scenario, the typical behaviour of wolves, characterized by long-distance dispersal and wide home ranges and often with overlapping ranges of sheep and wild boar could promote the parasite spread, according to [@bib19]. Wild boars, which are characterized by extreme adaptability in different habitats, wide geographical distribution and high reproductive rates ([@bib28]), could represent the sentinel animal of CE circulation in domestic animals. In rural Mediterranean areas, other important factors promoting the diffusion of CE infection are represented by cultural and economic background of dog owner\'s, their scant knowledge about parasite transmission and the poor deworming practices; in particular, hunting dogs may have access to the location where wild animals are slaughtered and feed on raw viscera ([@bib34]) leading the parasite to establish a spill-over between wild and domestic animals.

Recently, a report by EFSA ([@bib9]) on spatial distribution and density of wild boar population showed a significant presence of this ungulate in Campania region. Here, during the hunting season, the high number of carcasses discarded on the ground could represent a critical source of infection for wild carnivores (wolves) and hunting dogs. In this regard, it is likely that the presence of a semi-domestic life cycle of *E. granulosus* s.l. in which hunting dogs, feeding on raw infected offal of wild boars (or other intermediate hosts), may contaminate the environment through their faeces containing parasite eggs, ingested by wild boars, according to [@bib35]. Feeding dogs with raw viscera and organs of wild boar is a very common practice among hunters as a reward for hunting dogs. In this epidemiological scenario, many hunters have the habit to unfit extra-label use of macrocyclic lactones (mainly ivermectin) on their dogs giving rise to cestode infections ([@bib36]). It should be emphasized that the role of hunting dogs which could represent a crucial potential risk of infection to human, considering that domestic dogs have been long identified as the main infection for humans, according to [@bib34]. In Italy, human CE represents a severe public health concern due to an annual incidence of 1.6/10^5^ inhabitants, with over 1000 cases per year ([@bib3]), each of them resulting in a mean of 0.97 DALYs (Disability Adjusted Life Years) ([@bib44]). The highest incidence rate of CE was observed in Sardinia (6.8/10^5^ inhabitants), where home slaughtering and poor deworming practices are very common according to [@bib50], followed by the southern Italian regions with an average incidence of 1.9/10^5^ inhabitants ([@bib3]).

5. Conclusion {#sec5}
=============

This survey reports the presence of *E. granulosus* sensu lato genotype G7 circulating in wild boar population in southern Italy. Elucidations on the role of genotype G7 in the epidemiology of CE in Italy and its zoonotic potential requires further surveys. The presence of G7 in Italian wild boars has important implications for the implementation of hydatid control programs which include regular cestocidal treatments of dogs, also considering the shorter maturation period of G7 compared to G1 in dogs ([@bib42]). The coprological examination of samples of dogs and wolves from the same hunting areas employed by wild boars are needed to clarify the transmission dynamics scenario of CE trough a sylvatic and domestic cycles.

The current study shows the need of a constant surveillance program in hunting wild boars.

Hunters should be trained on hunting hygiene in order to avoid the dispersion of CE into the environment through organs and viscera of hunted boars; in this regard it is essential that hunters have hunting lodges for the collection and inspection of carcasses.

It is very important to use dogs to track blood for the recovery of wounded animals to avoid that the abandoned wild boar carcasses becoming a source of infection for definitive host carnivores, as well as the treatment of hunting dogs with molecules acting on tapeworms.

These aspects could be crucial elements for the reduction of this principal zoonotic disease and to ensure food safety. A multi-sectoral framework should be promoted involving all stakeholders working in public health, veterinary services and hunting associations in the view of a "One Health" approach.
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[^1]: Yo: years old.

[^2]: Statistical comparison was performed using chi-square test with Yates correction.
